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This study shows that the Vibrio cholerae RTX toxin is secreted by a four-component type I secretion system
(TISS) encoded by rtxB, rtxD, rtxE, and tolC. ATP-binding site mutations in both RtxB and RtxE blocked
secretion, demonstrating that this atypical TISS requires two transport ATPases that may function as a
heterodimer.

Vibrio cholerae, the causative agent of the potentially life-
threatening disease cholera, expresses several factors to estab-
lish and cause disease in the host, including toxin-coregulated
pili and the secreted ADP-ribosylating cholera toxin, which
causes the profuse diarrhea that is a hallmark of cholera dis-
ease. Other secreted “accessory” toxins that also contribute to
disease pathogenesis have been identified, including a zinc-
metalloprotease, a pore-forming hemolysin/cytotoxin, and the
RTX toxin (12). The zinc-metalloprotease and cholera toxin
are exported by a type II secretion system encoded by the eps
genes (23). Hemolysin export is dependent upon the hlyB gene
(2). However, the mechanism of secretion of the RTX toxin
has not yet been characterized.

At 484 kDa, the V. cholerae RTX toxin is the second largest
single-polypeptide toxin known and causes cell rounding and
depolymerization of the actin cytoskeleton in a broad range of
cell types. Concurrent with actin stress fiber disassembly, actin
monomers are covalently cross-linked into dimers, trimers, and
higher multimers, which can be visualized by Western blotting
(15, 20, 26).

The RTX toxin is a member of the RTX family of bacterial
protein toxins, which includes Escherichia coli hemolysin, Bor-
detella pertussis adenylate cylcase-hemolysin toxin, and Pasteu-
rella haemolytica and Actinobacillus actinomycetemcomitans
leukotoxins. These toxins all share common features: post-
translational maturation, a C-terminal calcium-binding domain
of acidic glycine-rich nonapeptide repeats (responsible for the
RTX [repeats-in-toxin] nomenclature), and export out of the
cell by type I secretion systems (TISS) (31). In this study, we
examined a putative TISS apparatus encoded by the operon
divergently transcribed from the RTX toxin gene rtxA to assess
whether this operon is essential for RTX toxin secretion.

Strains. The strains used in this study are listed in Table 1.
The operon divergently transcribed from the rtxA operon

contains three putative TISS genes. Previously characterized
TISS consist of three components: a homodimer of an inner
membrane transport ATPase, a trimer of a periplasmic linker
protein, and a trimer of an outer membrane porin, exemplified
by the Escherichia coli hemolysin TISS, consisting of HlyB,
HlyD, and TolC, respectively (3). As shown in Fig. 1A, the hly
operon of E. coli is arranged in a single operon, hlyCABD.

By contrast, the rtx locus of the V. cholerae genome is com-
posed of two operons containing a total of six open reading
frames (ORFs) (16). The first ORF in the left-oriented operon
(as shown in Fig. 1A) is 360 nucleotides (nt) in length and
encodes a 120-amino-acid conserved hypothetical protein. The
second ORF is the putative RTX toxin-activating acyltrans-
ferase gene rtxC followed by the toxin structural gene rtxA, as
previously detailed by Lin et al. (20).

The adjacent operon encodes a putative TISS and is diver-
gently transcribed. The first ORF in the right-oriented operon
is a putative transport ATPase gene, rtxB, and the second ORF
is a putative periplasmic linker protein gene, rtxD, as previously
described (20). rtxB and rtxD overlap by 46 nt in different
reading frames and encode proteins that are 63 and 50% sim-
ilar to HlyB and HlyD, respectively (Fig. 1B). Downstream of
rtxD is another open reading frame, termed rtxE, which en-
codes a protein that is 63% similar to HlyB and 60% similar to
RtxB. Thus, there are two potential TISS transport ATPases
located within this operon. The deduced amino acid sequences
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TABLE 1. V. cholerae strains used in this study

Strain Relevant characteristics Reference

KFV43 E1 Tor O1 biotype N16961; �hapA Smr 14
BBV1 KFV43 rtxD-�LRER Smr This study
BBV2 KFV43 rtxE-K522A Smr This study
BBV3 KFV43 rtxB-K496A Smr This study
BBV16 KFV43 rtxB::Km: Smr Kmr This study
BBV21 KFV43 �rtxB Smr This study
CW128 KFV43 �rtxA Smr 15
CW149 KFV43 �rtxE Smr This study
KFV80 KFV43 �rtxACBD Smr This study
KFV131 �tolC �hapA Smr 4; this study
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for both RtxB and RtxE include conserved Walker box A
mononucleotide-binding motifs (30), indicating that both are
potentially capable of binding and hydrolyzing ATP.

Genetic manipulation of the putative TISS. In order to fully
characterize these putative TISS components, a genetic ap-
proach of insertions, deletions, and point mutations was adopt-
ed. All mutants represented in Fig. 1C and D were created
directly on the V. cholerae chromosome by double homologous
recombination. For construction of recombination plasmids,

all flanking DNA was generated by PCR and two flanking
regions were fused by crossover PCR or by cloning in standard
cloning vectors. The inserts were moved to sacB-counterselect-
able plasmid pWM91 (21), and inserts were sequenced to de-
tect any mutations arising during DNA amplification and other
DNA manipulations. KFV80 (�rtxACBD) was created as pre-
viously described for KFV82 (13). The resulting plasmids were
delivered to V. cholerae by use of SM10�pir, and sucrose coun-
terselection was done as previously detailed (14).

FIG. 1. (A) The gene clusters of V. cholerae rtx and E. coli hly vary significantly. (B) rtxB and rtxD overlap by 46 nt in different reading frames,
as shown by amino acid sequences of RtxB and RtxD. (C) Genetic organization of rtxB::Km, �rtxB, �rtxD, and �rtxE strains. In order to
accommodate the 46-nt overlap of rtxB and rtxD, the ATG of the rtxD gene was moved to the position of the ATG of rtxB downstream of the
promoter for the creation of strain BBV21. For �rtxD, the stop codon of rtxD was moved to the position of the stop codon of rtxB to create strain
BBV19. For the creation of the �rtxE strain, the stop codon of rtxE was moved to the position of the stop codon of rtxD to create strain CW149.
(D) Locations of point mutations introduced to create strains RtxBK496A, RtxD�LRER, and RtxEK522A. The Shine-Dalgarno sequence of rtxE
is underlined. The figure was generated in MacVector 7.0. (Oxford Biosystems) with sequences from E. coli (accession numbers M10133 and
M12863 [10, 11]) and V. cholerae (accession number NC_002505 [16]). CHP, conserved hypothetical protein; *, stop codon.
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Assay for toxin secretion. In order to determine whether
RTX toxin was secreted, supernatant fluids and cell lysates
were collected and assayed for the RTX toxin-associated ac-
tivities of cell rounding and actin cross-linking. For small-scale
preparations, 25-ml cultures were grown to an optical density
at 600 nm of �0.4 at 30°C. Bacteria were pelleted by centrif-
ugation, and the supernatant fluid was filtered over a 0.2-�m-
pore-size Corning Spin-X microfilter. The pellets were then
washed in 20 ml of 2 mM CaCl2, resuspended in 6.4 ml of ice-
cold distilled water, and sonicated with a Bronson digital Soni-
fier 450 with a 3-mm tapered microtip at 30% amplitude and
50% duty for 40 s. After sonication, 0.8 ml of 200 mM Tris–
10 mM EDTA (pH 8.0) was added, and the lysate was centri-
fuged first at 5,000 � g to pellet unlysed bacteria and then at
20,000 � g to pellet debris.

Large-scale preparations of concentrated supernatant fluids
were prepared from 1.5-liter cultures grown to an optical den-
sity at 600 nm of �0.4 at 30°C by ultrafiltration across both
100- and 300-kDa-cutoff filters as previously described (15).
After collection of the supernatant fluid, the pellets were com-
bined, washed twice in 2 mM CaCl2, resuspended in 17 ml of
ice-cold distilled water, and sonicated with a Bronson digital
Sonifier 450 with a 13-mm disruptor horn at 20% amplitude for
2 min. After sonication, Roche Biochemicals complete pro-
tease inhibitor was added, and the lysate was adjusted to 20
mM Tris–100 mM NaCl–1 mM EDTA (pH 8.0) and centri-
fuged first at 5,000 � g to pellet unlysed bacteria and then at
20,000 � g to pellet debris. Both supernatant fluid and clarified
cell lysate preparations were adjusted to 10% glycerol, and
samples were frozen in aliquots and stored at �80°C. The pro-
tein concentration was quantified with the bicinchoninic acid
assay (Pierce).

Either 0.5 ml of small-scale preparations of supernatant fluid
or cell lysate, 7.5 �g of concentrated supernatant fluids, or 2.5
mg of large-scale preparations of cell lysate was added to 2.5 �
105 HEp-2 cells. After 90 min, the cells were either fixed with
4% paraformaldehyde and photographed for rounding or col-
lected for detection of actin cross-linking by Western blot
analysis with a 1:2,000 polyclonal antiactin antibody (Sigma, St.
Louis, Mo.). Images of rounded cells were captured by phase
microscopy with an inverted DMIRE2 microscope (Leica,
Wetzlar, Germany) with a C4742-95-12ERG digital charge-
coupled device camera (Hamamatsu Photonics, Tokyo, Japan)
in conjunction with the Openlab software (Improvision, Cov-
entry, United Kingdom) for image processing.

A polar TISS mutant fails to secrete RTX toxin, which
accumulates intracellularly and remains active. To begin char-
acterization of the TISS of V. cholerae, a polar mutation in rtxB
was constructed to inactivate the entire operon and to establish
whether this putative TISS is required for the secretion of RTX
toxin. The kanamycin resistance cassette Kan� (Pharmacia) was
cloned into the EcoRI site found 407 nt into rtxB (Fig. 1C), and
the cassette was transferred onto the V. cholerae chromosome.

To determine whether rtxB::Km strain BBV16 has a defect
in toxin secretion, concentrated supernatant fluids were pre-
pared for Western blotting and RTX toxin was detected by
using a rabbit polyclonal antibody raised against an internal
138-kDa fragment of the RTX toxin (15). Consistent with toxin
secretion (Fig. 2A, lane 1), RTX toxin breakdown products
were detected in supernatant fluids of wild-type strain KFV43.

However, RTX toxin breakdown products were not detected in
concentrated supernatant fluids prepared from either the rtxB::
Km strain BBV16 or the rtxACBD deletion strain KFV80 (Fig.
2A, lanes 2 and 3). In addition, RTX toxin-associated activities
were absent in BBV16 supernatant fluids. Neither cell round-
ing nor actin cross-linking activity was detected when superna-
tant fluid from BBV16 was added to HEp-2 cells (Fig. 3).

To show that the loss of the RTX toxin in supernatant fluids
is due to a defect in secretion, large-scale preparations of
clarified cell lysates were assayed for the presence of the RTX
toxin. Full-length RTX toxin as well as breakdown products
were detected in cell lysates from BBV16 (Fig. 2B, lane 3),
demonstrating that full-length toxin remains in the bacterial
cell if there is a mutation in rtxB. A faint band could also be
seen in samples from KFV43 (Fig. 2B, lane 1), suggesting that
some RTX toxin is found intracellularly prior to secretion in
the wild-type strain.

Surprisingly, toxin present in cell lysates of BBV16 was bi-
ologically active. BBV16 cell lysates rounded HEp-2 cells and
cross-linked cellular actin, whereas cells treated with lysates
from rtxA null strain KFV80 did not have RTX-associated
activity (Fig. 3). As suggested by RTX toxin detection in cell
lysates from KFV43, a small amount of dimeric actin was
found in KFV43-treated cells, consistent with some RTX ac-
tivity, although the activity is insufficient to cause visible cell
rounding (Fig. 3).

The ability of the rtxB::Km strain to secrete cell-rounding
and actin cross-linking activities was not restored in trans by
rtxB under arabinose-inducible control, thus indicating that
strain BBV16 has a polar mutation in rtxB disrupting other
genes within the operon (data not shown).

The TISS of V. cholerae requires two transport ATPases. As
shown in Fig. 1A, the TISS contains two putative transport
ATPase genes, in contrast to the case for other RTX toxin
TISS, which have only a single ATPase gene. To determine
whether one or both of the transport ATPases is necessary for
the TISS of the RTX toxin, nonpolar deletions of the rtxB and

FIG. 2. RTX toxin is not secreted by TISS mutant BBV16. (A)
Thirty-seven micrograms of concentrated supernatant fluids or (B) 119
�g of cell lysate from strains KFV43 (wild type [wt]), KFV80 (�rtx-
ACBD), and BBV16 (rtxB::Km) was separated on a sodium dodecyl
sulfate–6% polyacrylamide gel, and RTX toxin was detected by West-
ern blotting with polyclonal anti-RtxA antibody. Asterisks mark break-
down products of the RTX toxin in concentrated supernatant fluids
and possible full-length toxin in cell lysates. Numbers indicate molec-
ular masses in kilodaltons.
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rtxE genes were created as shown in Fig. 1C. The resulting
�rtxB strain BBV21 and �rtxE strain CW149 lacked RTX toxin
activities in supernatant fluids but retained cell-rounding and
actin cross-linking activities within the bacterium (Table 2).
BBV21 and CW149 could both be complemented by wild-type
copies of their corresponding gene presented in trans under
control of an arabinose-inducible promoter (data not shown),
demonstrating that both genes are essential for RTX toxin
secretion.

The activity of transport ATPases depends on an intact
nucleotide-binding site (NBS) for hydrolysis of ATP (18). To
determine whether ATP hydrolysis at both RtxB and RtxE is
necessary for secretion of RtxA, point mutations were made in
the NBSs of RtxB and RtxE. The Walker box A motif GXX
GXGK(S/T) is a conserved motif that is essential for ATP
hydrolysis (30). Thus, the RtxB codon K496 of the Walker box
A motif GTSGSGKS and the RtxE codon K522 of the Walker
box A motif GPSGSGKS were changed to alanine as shown in
Fig. 1D. The Stratagene Quick-Change kit was used for site-
directed mutagenesis of plasmids which were then used to
transfer the mutations directly onto the V. cholerae chromo-
some.

Supernatant fluids from the RtxBK496A strain BBV3 and
the RtxEK522A strain BBV2 failed to round HEp-2 cells and
cause actin cross-linking, thus demonstrating that both RtxB
and RtxE require an intact NBS for RTX toxin secretion (Fig.
4 and data not shown). Both BBV3 and BBV2 retained active
RTX toxin intracellularly, as indicated by cell rounding and
actin cross-linking caused by cell lysates (Fig. 4 and data not
shown). The RtxBK496A and RtxEK522A strains could not be
complemented by wild-type copies of the corresponding gene
in trans, which suggests that the point mutation may have a
dominant negative effect (data not shown). The RtxB and
RtxE homologue HlyB acts as a dimer, and therefore this
result was not unexpected (19).

A deletion of the last four amino acids of RtxD eliminates
secretion of the RTX toxin. To determine whether rtxD is
essential for toxin secretion, we attempted to create a nonpolar

deletion. However, mutants arose at a frequency of 1%, com-
pared to the expected 50% recovery of mutants versus wild
type after sucrose selection. When strains with the desired
�rtxD genetic arrangement were isolated, the mutants, such as
BBV19 (Fig. 1C), either could not be complemented for se-
cretion defects or failed to synthesize the RTX toxin. These
observations suggested that rtxD mutants arose only in the
context of other rtx gene cluster mutations.

Due to the inability to delete rtxD, the question of whether
rtxD is essential for RTX toxin secretion was approached in an
alternative manner. For several membrane protein complexes
of V. cholerae, it has been shown that deletion of a single
component can be detrimental to growth while a mutant with
a mutation affecting function, but not inclusion in the overall
complex, grows normally (8, 23). It has been previously pro-
posed that several C-terminal amino acids of HlyD (Leu475,
Glu477, and Arg478) interact directly with TolC, creating a
bridge across the periplasm (25). Loss of these C-terminal

FIG. 3. Active RTX toxin is detected in cell lysates of a polar TISS mutant, BBV16. HEp-2 cells were treated with equal total protein
concentrations of (A and C) concentrated supernatant fluids or (B and D) cell lysate from strains KFV43 (wild type [wt]), KFV80 (�rtxACBD),
and BBV16 (rtxB::Km) as described in the text. Cells were (A and B) photographed for rounding or (C and D) collected for detection of actin
cross-linking by Western blot analysis; 20 mM Tris–1 mM EDTA (pH 8.0) with 10% glycerol was used as a mock treatment. Monomer (M), dimer
(D), trimer (T), and quatramer (Q) forms of actin are indicated at the right of the gels. Recovery of actin cross-linking activity in cell lysates of
KFV43 varied between experiments. Numbers indicate molecular masses in kilodaltons.

TABLE 2. RTX toxin activity in supernatant fluids and
cell lysates of TISS deletion strains

Strain Genetic characteristics

Actin cross-linking
activitya in:

Supernatant
fluid

Cell
lysate

Mock � �
KFV43 E1 Tor O1 biotype N16961; �hapA ��� �
CW128 KFV43 �rtxA � �
KFV80 KFV43 �rtxACBD � �
BBV21 KFV43 �rtxB � ���
CW149 KFV43 �rtxE � ���
KFV131 KFV43 �tolC � ���

a Supernatant fluid or clarified cell lysate was added to 2.5 � 105 HEp-2 cells,
and cells were collected for detection of actin cross-linking by Western blot
analysis as described in the text. Luria broth and 20 mM Tris–1 mM EDTA (pH
8.0) were used as mock controls for supernatant fluid- and cell lysate-treated
cells, respectively. �, actin monomer only; �, dimer only; ��, cross-link to
quatramer; ���, cross-link to pentamer and higher.
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residues resulted in a loss of secretion of E. coli hemolysin.
Therefore, the corresponding C-terminal amino acids of RtxD
were deleted to create a nonfunctional mutant that would still
be incorporated into the TISS. As shown in Fig. 1D, the Strat-
agene Quick-Change kit was used to delete nucleotide 1388 of
rtxD, thus generating a stop codon that eliminates the last four
codons of rtxD (residues 464 to 467) and creating a HindIII site
for easy screening of V. cholerae recombinants. This small mu-
tation does not affect the ribosome-binding site of downstream
rtxE and should produce a protein able to form a complete, al-
beit inactive, TISS complex. After sucrose selection, the point
mutation was recovered at near 50% frequency and the mu-
tants grew similarly to the wild type, consistent with our spec-
ulation that this type of mutant would be viable even though a
deletion mutant may arise only in the context of other rtx gene
mutations.

Deletion of the residues LRER from the C terminus of RtxD
eliminated both cell rounding and actin cross-linking activities
from culture supernatant fluids (Fig. 4 and data not shown).
Cell lysates from the RtxD�LRER strain BBV1 retained cell
rounding and actin cross-linking activities (Fig. 4 and data not
shown). The RtxD�LRER strain BBV1 could not be comple-
mented by rtxD in trans, suggesting that this mutation may have
a dominant negative effect. The RtxD homologue HlyD acts as
a trimer, and therefore this result was not unexpected (27). As
the single-nucleotide deletion is unlikely to create polarity on
rtxE, it was concluded that RtxD is essential for toxin secretion
and that the last four amino acids of RtxD may function to
contact outer membrane porin TolC as is proposed for E. coli
HlyD.

The outer membrane porin TolC is required for secretion of
the RTX toxin. Previously, tolC (VC2436) was shown to be
required for the detection of cell-rounding activity in V. chol-
erae-inoculated cells (4). To complete the characterization of
the RTX toxin TISS, the tolC mutant M150, obtained from
Bina and Mekalanos (4), was made isogenic with other strains
used in this study by deletion of the gene for the exported
zinc-metalloprotease hapA as previously described for con-

struction of KFV43 (14). Supernatant fluids from �tolC strain
KFV131 did not contain either cell-rounding or actin cross-
linking activity, but cell lysates from KFV131 possessed RTX
toxin activities (Table 2). These data confirm work that previ-
ously showed that TolC is required for cell rounding by V. chol-
erae (4) and further demonstrate that the RTX toxin accumu-
lates intracellularly in this mutant.

Model for the type I secretion of the RTX toxin by V. chol-
erae. Taken together, our results show that the V. cholerae
RTX toxin TISS is distinct in that four components, including
an additional transport ATPase, are required for secretion.
Similar to the case for other TISS, a periplasmic linker protein,
RtxD, is essential for secretion, and the last four amino acids,
LRER, likely interact with the outer membrane porin TolC
to create a channel through the periplasm and the outer
membrane.

Unlike in other TISS, the transport ATPase found in the
inner membrane may be a heterodimer rather than a homo-
dimer. We have shown that mutation of the NBSs of both
HlyB-like proteins, RtxB and RtxE, results in the failure of
V. cholerae to secrete the RTX toxin, thus showing that the
TISS of V. cholerae requires two distinct transport ATPases.
Indeed, it is possible that RtxB and RtxE could form a het-
erodimer, since both proteins contain the highly conserved
ATP-binding cassette (ABC) family signature sequence or LS-
GGQ motif that is important in the formation of ABC dimer
interfaces (7, 24). It has been proposed that the conserved
LSGGQ motif of one subunit of the DNA repair enzyme
Rad50 completes the active site in the second subunit, thus
placing the dimer in a head-to-tail orientation (17). Individual
point mutations in several of the residues of the LSGGQ motif
have been shown to be critical for protein export function of
HlyB (18).

Although heterodimeric transport ATPases have not been
previously described for bacterial TISS, examples of hetero-
dimeric nucleotide-binding domains (NBDs) have been de-
scribed for other ABC transporters, including the transporter
associated with antigen processing (TAP). TAP consists of two

FIG. 4. TISS point mutants accumulate toxin intracellularly. HEp-2 cells were treated with (A) supernatant fluids or (B) clarified lysates
prepared from strains KFV43 (wild type [wt]), CW128 (�rtxA), KFV80 (�rtxACBD), BBV3 (RtxBK496A), BBV2 (RtxEK522A), and BBV1
(RtxD�LRER). Luria broth and 20 mM Tris–1 mM EDTA (pH 8.0) were used as mock controls for supernatant- and cell lysate-treated cells, re-
spectively. Recovery of actin cross-linking activity in cell lysates of KFV43 varied between experiments. Numbers indicate molecular masses in kilodaltons.
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polypeptides, TAP1 and TAP2, each of which contains a single
NBD and which together form a heterodimeric ABC trans-
porter. Both TAP NBDs are proposed to bind and utilize ATP
in an alternating and interdependent manner, so that only one
NBD binds and utilizes ATP at any given time (1). Addition-
ally, it has been proposed that the TAP peptide translocation
cycle is regulated by the C-terminal tails of TAP1 and TAP2
and conformational cross talk between NBDs (5). Thus, the

RtxB-RtxE heterodimer could work in a similar fashion. The
two RTX transport ATPases could also act by the two-cylinder
engine model, as suggested for the two NBDs of the multidrug-
resistant transporters LmrA and MDR1 (22, 28). In this model,
the transport protein is proposed to alternate between two
configurations, each of which contains a high-affinity substrate-
binding site and a low-affinity substrate release site, and the
conversion of one configuration to the other is ATP dependent
(22, 28).

Based on these previous findings and the results of our
characterization of the TISS of V. cholerae, we put forth a
model for the type I secretion of the RTX toxin by V. cholerae
(Fig. 5). First, the RTX toxin comes into contact with RtxB
and/or RtxE. RtxD recruits TolC to the TISS complex, which
occurs simultaneously with a conformational change in all four
components, thus opening the cavity to the extracellular milieu
and allowing the RTX toxin to exit the cell. The translocation
process would be driven by the two-cylinder engine model
proposed for the multidrug-resistant transporters LmrA and
MDR1. We speculate that the large size of the V. cholerae
RTX toxin may require multiple contact points within the
structurally diverse regions of RtxB and RtxE to enhance spec-
ificity, thereby necessitating two distinct transport ATPases.

A four-component TISS is conserved in genomes with toxins
related to the RTX toxin. V. cholerae RTX toxin has unique
features that distinguish it from other RTX toxins, including
the presence of glycine-rich repeats at the N terminus of the
protein and an atypical 18-bp RTX repeat at the C terminus
(20). Since the discovery of the RTX toxin (20), seven related
toxins in four different species have been identified by genome
sequence analysis (6, 9, 29). All of these rtxA-like genes encode
toxins that are larger than 3,500 amino acids and share the
N-terminal and 18-amino-acid RTX repeats. However, these
toxins differ in the central portions, suggesting that they may
carry different cytotoxic activities. An analysis of the genomic
structure upstream of the rtxA-like toxin genes in these ge-
nomes reveals that all share synteny with the V. cholerae rtx

FIG. 5. Model of RTX toxin TISS.

FIG. 6. rtx gene clusters in five species share a similar genomic structure that includes the atypical TISS. The figure was generated in MacVector
7.0 (Oxford Biosystems) with sequences from V. cholerae (accession number NC_002505 [16]), Vibrio vulnificus (accession number NC_005140 [6]),
Photorhabdus luminescens (accession number NC_005126 [9]), and Environmental Sargasso Sea sequence assembly CH006444 (29). The Xenorh-
abdus boviennii rtx cluster was downloaded from the publicly available database at www.xenorhabdus.org provided by B. Goldman of The Monsanto
Company and collaborators. Frameshift (FS), insertion sequence (IS), conserved hypothetical protein (CHP).
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gene cluster (Fig. 6). All of the genomes have two divergent
operons with the toxin gene found as the third gene down-
stream of an rtxC homologue and a conserved hypothetical
gene found only in these RTX gene clusters. The divergent
operon always contains three genes that encode homologues of
RtxB, RtxD, and RtxE. Thus, it seems as if a four-component
TISS is a conserved feature of this subclass of the RTX toxin
family.
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